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Abstract: 100−200 words 
The CF2 symmetric stretching vibration (s(CF2)) band of a perfluoroalkyl (Rf) group in an 
infrared (IR) spectrum exhibits a unique character, i.e., an apparent high wavenumber shift with 
increasing the chain length, which is an opposite character to that of the CH stretching vibration band of 
a normal alkyl chain. To reveal the mechanism of the unusual IR band shift, two vibrational characters 
of an Rf chain are focused: (1) a helical conformation of an Rf chain, (2) the carbon (C) atoms having a 
smaller mass than the fluorine (F) atom dominantly vibrate as a coupled oscillator leaving F atoms stay 
relatively unmoved. These indicate that a ‘coupled oscillation of the skeletal C atoms’ of an Rf chain 
should be investigated considering the helical structure. In the present study, therefore, the coupled 
oscillation of the Rf chain dependent on the chain length is investigated by Raman spectroscopy, which 
is suitable for investigating a skeletal vibration. The Raman active s(CF2) band is found to be split into 
two bands, and the splitting is readily explained by considering the helical structure and length with 





The intermolecular interaction between perfluoroalkyl (Rf) chains has recently been revealed to 
be induced by the dipole-dipole interaction, which is generated by the large dipole moment along each 
C–F bond. 1,2 The dipole-dipole interaction induces a close and tight molecular packing of Rf chains in a 
two dimensional manner, which readily explains the Rf compounds-specific bulk properties represented 
by the water- and oil-repellency.2,3 The molecular packing of Rf chains is discussed by infrared (IR) 
spectroscopy4 using the peak position of the CF2 symmetric stretching vibration (s(CF2)) band at ca. 
1150 cm-1. 2,3 Thanks to the large dipole moment of the C–F bond, the band strongly appears in an IR 
spectrum even for a monolayer sample, which makes quantitative discussion easier. Although the IR 
active s(CF2) band is practically useful for analyzing the molecular packing of Rf compounds,3 the 
band has an unique character of an apparent ‘higher wavenumber shift’ with increasing the chain length, 
n (number of CF2 units), i.e., 1126 cm-1 (n = 3), 1135 cm-1 (n = 5), 1146 cm-1 (n = 7), 1149 cm-1 (n = 9), 
and 1151 cm-1 (n = ) as presented in Fig. 1,2 which is an opposite shift to that of the ‘CH2’ symmetric 
stretching vibration ((CH2)) mode.4,5 This Rf chain-specific character of the peak shift is, in fact, useful 
for distinguishing the Rf chain length.2,3 However, the mechanism of the unusual shift is not revealed. 
The aim of the present study is thus revealing the origin of the unusual Rf-specific shift.  
4 
On considering the vibration of a molecular chain composed of many repeat units, the coupled 
oscillation has to be considered.6 Although the shift of the s(CF2) band should depend on the shape of 
the coupled oscillation as commonly found for a normal alkyl chain, the vibration of an Rf chain has a 
complicated character as follows. The coupled oscillation of the CH2 symmetric stretching vibration 
(s(CH2)) mode of a normal alkyl chain is explained briefly, followed by discussion of the difference of 


























Fig. 1 The C–F stretching vibration region of IR spectra of an Rf chain with different 
lengths measured by using the ATR technique with an ATR prism of Ge at the angle 
of incidence of 45°.2 The s(CF2) band exhibits a unique high-wavenumber shift with 
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with the same phase, which is thus denoted as the s(CH2) mode. As a matter of fact, this vibration 
mode is of a repeat unit of CH2, however, which has different shapes on the wavenumber vector or the 
phase, and they are assigned to different symmetry species: the former vibration of  = 0 is assigned to 
the Raman-active Ag mode, and the other (= ) is assigned to the IR-active B2u mode.  
The vibrational difference on  influences the peak position. In fact, the s(CH2) bands of 
polyethylene in Raman and IR spectra appear at slightly different positions of 2848 and 2850 cm-1, 
respectively.4,10 This non-coincidence is practically found in the spectrum of a normal alkane, and the 
peak exhibits a lower wavenumber shift with increasing the chain length5 because of the decrease of the 
elements in the matrix of G of the GF-matrix method.14,15 
It sounds strange that the observed difference of the wavenumber positions of  = 0 and  is only 
ca. 2 cm-1, although the shapes of the two oscillations are largely different from each other. This is 
because the mass of hydrogen (H) is much less than that of carbon (C), i.e., the oscillation is 
intrinsically represented by H atoms, and C atoms are relatively unmoved. On considering the s(CF2) 
mode, the situation should change greatly, since the mass of fluorine (F) is larger than that of C. In fact, 
the s(CF2) mode appears at ca. 1150 and 730 cm-1 in IR and Raman spectra, respectively, and the 
difference is fairly large by more than 400 cm-1. This implies that the coupled-oscillation phenomena of 
an Rf group should be significantly different from those of a normal alkyl group. 
Coupled Oscillation of an Rf chain. The critical difference of F from H is not only for elemental mass, 
but also for the radii of the atoms.2,3,16 The larger radii of F than H by ca. 20% induces the Rf 
7 
chain-specific helical structure due to the steric repulsion between the adjacent CF2 units. The twisting 
rate of the Rf chain depends on the phase diagram of polytetrafluoroethylene (PTFE known as 
Teflon®).17-20 At an ambient temperature in the phase IV (19 ~ 30°C), the Rf chain has a symmetry of 
the 157-helix about the chain axis, i.e., the direction of the symmetric axis of the CF2 unit is rotated by 
180° over 15 CF2 units. This helical structure corresponds to the point group of D15. 
The vibrational modes of PTFE have also been studied already by the factor group analysis using 
D15.21-24 The point group of D15 has nine irreducible representations, A1, A2, E1, E2,···, E7, and the 
irreducible representations of IR and Raman spectroscopies are calculated to be: IRvib 2 13 8A E    and 
Raman
vib 1 1 24 8 9A E E    , respectively. The frequencies of the vibrational modes of PTFE were 
evaluated theoretically by the GF calculation using a classical force constant, 22-24 and the s(CF2) band 
at ca. 1150 cm-1 in an IR spectrum of PTFE is assigned to the IR-active mode of  = (E1) as presented 
in Fig. 2d. The dispersion curve of the s(CF2) mode is also reported, and the Raman band at ca. 730 
cm-1 is assigned to the Raman-active s(CF2) band ( =0).22-24 The schematic of the Raman mode is 
presented in Fig. 2c. 
The difference of relative mass of F and H to carbon (C) changes the shape of the normal mode 
greatly. Contrary to the CH stretching vibration modes, the C atoms having a smaller mass than the F 
dominantly vibrate leaving the F atoms stay relatively unmoved as presented in Fig. 2c and d. Since the 
C atoms in the Rf chain are covalently bonded with the single bonds (–C–C–), the ‘coupled oscillation 
of the skeletal C atoms’ must be considered. The character specific to the coupled oscillation of the 
8 
skeleton has already been pointed out for the CF3 symmetric stretching vibration (s(CF3)) mode.25 
Although the CH3 symmetric stretching vibration (s(CH3)) mode of a normal alkyl chain is nearly 
localized at the terminate methyl group, the s(CF3) mode is spread over the entire Rf group because of 
the coupled oscillation, which means that the transition moment of the s(CF3) mode is parallel to the Rf 
chain.25 As a result, the intensity of the s(CF3) band is useful for discussing the orientation of Rf chains 
in an thin film.2,3,25 In this manner, investigation of the coupled oscillation of the skeletal C atoms is 
crucial to reveal the unusual IR-active s(CF2) band shift. 
Aim of the Present Study. To reveal the origin of the unusual IR shift dependent on the Rf length, the 
s(CF2) band is investigated by using ‘Raman’ spectroscopy, which is suitable for investigating a 
skeletal vibration. As the samples, myristic acid derivatives having an Rf group 
(CF3(CF2)n(CH2)m-COOH; MA-Rfn where n = 3, 5, 7, 9 and n + m = 12) were chosen as used in a 
previous work.3,25 The IR spectra shown in Fig. 1 (n = 3 ~ 9) are the results of these compounds. As a 
result, the Raman active s(CF2) band is split into two bands for n = 7 or shorter. By considering the Rf 
chain structure in terms of group theory, the splitting is readily explained by the conformational change 
of the Rf group. After a spectral simulation based on density functional theory (DFT), the 
lower-wavenumber peak is assigned to the Raman active s(CF2) band, which exhibits  intrinsically the 




11,11,12,12,13,13,14,14,14-Nonafluorotetradecanoic acid (MA–Rf3), 
9,9,10,10,11,11,12,12,13,13,14,14,14-tridecafluorotetradecanoic acid (MA–Rf5), 
7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,14-heptadecafluorotetradecanoic acid (MA–Rf7) and 
5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,14-henicosafluorotetra-decanoic acid (MA–Rf9) were 
synthesized as reported in our previous work.3 A PTFE tape was purchased from AS ONE Corporation 
(Tokyo, Japan).  
Raman spectra were measured by using a Thermo Fischer Scientific (Madison, WI, USA) DXRxi 
Raman imaging microscope having a diode-pumped laser with an excitation wavelength of 532 nm, a 
grating having 900 lines mm-1 and an edge filter for eliminating the Rayleigh scattered light. On this 
spectrometer, Raman spectra in the range of 3500–50 cm-1 with the resolution of 5 cm-1 are measured. 
The bulk sample of MA-Rfn in the solid state was put on a glass plate, and an objective lens of 10x with 
a confocal aperture with a pinhole of 25 m width were used for both laser irradiation and collection of 
the Raman scattered light. The laser spot size is 10 m, which corresponds to the spatial resolution (xy) 
limit on the condition, and it also determines the depth resolution (z), 30 m. Since the linearly 
polarized light was irradiated on the sample, the band intensity should be influenced by molecular 
orientation. In the present study, however, it has no problem because only the band position is discussed. 
The laser was operated at a constant power of 10.0 mW at the sample surface. The Raman spectrum was 
obtained with an exposure time of 4 s, and with a total acquisition time of 150 seconds. 
10 
Density functional calculation for a spectral simulation was carried out by using the Gaussian 09 
program.25 The optimal geometry, harmonic wavenumbers and Raman intensities of a single MA-Rfn 
molecule were obtained using 6-311++G basis set. For the DFT calculations, Becke’s three-parameter 
exchange functional together with correlation functional of Lee-Yang-Parr (B3LYP) was employed.27, 28 
A harmonic wavenumber, harm , was corrected by the linear scaling factor, scaled  :
scaled harm0.9613    .29 
  
11 
Results and Discussion 
Splitting of the Raman-active s(CF2) Bands of Partially Fluorinated Myristic Acids: 
Fig. 3 presents Raman spectra of MA-Rfn (n = 3, 5, 7 and 9) at an ambient temperature (>19 °C), 
which corresponds to the phase IV. As a sample of an extremely long Rf chain (n = ), a PTFE tape 
was also measured. As mentioned in Introduction, the helical structure of the Rf chain in the phase IV 
has the symmetry represented by the point group of D15. The Raman peaks observed in the spectrum of 
PTFE are, thus, assigned to the Raman-active vibration modes of D15 (A1, E1, and E2) as shown in Fig. 3. 
Since MA-Rfn is a diblock compound consisted of the Rf and normal alkyl parts, Raman spectra of 
MA-Rfn also have bands derived from the normal alkyl part, which are highlighted by blue; whereas the 



















































Fig. 3 Raman spectra of MA-Rfns (n = 3, 5, 7 and 9) and a PTFE tape. 
12 
cm-1) are assigned to the CF2 bending and twisting vibration bands, respectively.22 The band at ca. 730 
cm-1 is the key band for the present study, which is assigned to the Raman-active s(CF2) mode with  = 
0 (A1). This band exhibits a remarkable change that the peak is split into two peaks for n = 7, and the 
splitting width becomes larger with decreasing n. The mechanism of the band splitting is discussed as 
follows.  
The splitting is known to appear for a coupled oscillator composed of repeat units having a high 
symmetry as found in a normal alkyl chain with D2h, which includes the mirror (or glide) plane as a 
symmetry element, because all the C atoms are in a plane. The factor group analysis on D2h reveals that 
a normal alkyl chain has two skeletal vibration modes, in which the C–C bond length changes without a 
significant change of the C–H bond length.7 One of the two modes has the symmetry species of Ag, in 
which the C atoms vibrates in the radial direction (y direction) with  = 0 as presented in Fig. 4a. The 
other mode is the B1g mode, in which the C atoms vibrate nearly along the chain in the x-y plane (Fig. 
4b). Both modes are denoted as the C–C stretching vibration CC) mode. In fact, MA-Rfn having a 
relatively short Rf chain (n = 3, 5, 7) has a long ‘normal alkyl’ part, which yields the two (CC) bands 
at ca. 1100 (Ag) and 1060 cm-1 (B1g) (Fig. 3). In this manner, the D2h symmetry is the origin of the band 
splitting of a (CC)-related vibration band. Since the mass of C is smaller than F, as mentioned above, 
the carbon chain works as the core part of a normal mode on an Rf chain, which is true of the s(CF2) 
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vibrational image agrees with the unusual motion of an Rf group considering the larger mass of F than 
that of C.25 
Here, note that a short Rf group having three CF2 groups is known to have a planer skeleton with 
D2h.16 If the vibration of an Rf group is driven by the skeleton vibration, therefore, MA-Rf3 should 
exhibit doubly-split bands for the s(CF2) mode, which is confirmed in Fig. 5a. On the other hand, if the 
symmetry of the molecular skeleton is lowered, the splitting is lost to have a single band, which readily 
explains the single s(CF2) band at 734 cm-1 for PTFE having the symmetry of D15.  
It is worth noting that the other compounds of MA-Rfn having intermediate Rf lengths (n = 5 ~ 9) 






















































Fig. 5 (a) Magnified spectra in the Raman-active s(CF2) region. (b) Splitting width 
between the two bands shown in the s(CF2) region () dependent on n. 
15 
the ‘twisting rate’ of the Rf chains is introduced for convenience. Twisting angles of the two CF2 groups 
at both ends of the Rf chain with n = 9, 7 and 5 are 108°, 84° and 60°, respectively, and the ‘twisting 
rate’ (%) is calculated, so that the angle of n = 15 (180°) corresponds to 100% as presented in the third 
column of Table 1. In addition, since the Rf chain with n = 3 has exceptionally the all-trans zigzag 
conformation, the twisting rate for n = 3 is made 0%. The splitting width () against the twisting rate is 
plotted as presented in Fig. 5b.  
Table 1 Twisting rate of Rf chain dependent on the chain length 
Number of 
CF2 units: n 
Twisted angle of the two 
CF2 group at both ends / ° 
Twisting rate / % 
3 0 0 
5 60 33 
7 84 47 
9 108 60 
⋮ ⋮ ⋮ 
15 180 100 
The spectrum of PTFE and n = 9 has a single s(CF2) band, and thus  is zero. It is interesting that  
in the n = 3 ~ 9 is found to have a ‘linear correlation’ with the twisting rate. This indicates that the 
splitting width reflects the conformational change of the skeleton from the planer structure (D2h) to the 
helical structure (D15). Through this analysis, the Rf chain having n = 9 is found to have a vibrational 
character, as if the helix were completed, although the twisting rate is only 60%. This implies that the 
s(CF2) mode of MA-Rf5 and 7 has an intermediate character between the planer structure (D2h) and the 
16 
helical structure (D15) as the molecular vibration. In the next section, the assignment of the two bands is 
mentioned, and the origin of the unusual peak shift in IR spectra is revealed. 
 
Assignment of the two bands in the s(CF2) region and the origin of the peak shift of the IR-active 
s(CF2) band  
To make the assignment of the two Raman bands in the s(CF2) region, QC calculations were carried 
out. The calculated Raman spectra of MA-Rfn (n = 3, 5, 7 and 9) are presented in Fig. S1 in Supporting 
Information, which are compared with the measured spectra. Almost all the measured peaks are readily 
reproduced by the calculation. Of course, the calculated spectrum for n = 9 has a single band in the 
s(CF2) region, and the vibrational motion is thus assigned to the A1 mode such as the schematic image 
shown in Fig. 2c, i.e., the chain of C atoms vibrates in the perpendicular (radial) direction to the Rf 
chain axis. The calculated spectra shown in Fig. S1 also reproduce the band splitting for n = 7 or shorter, 
and MA-Rf3 exhibits the largest splitting. The vibrational motion of the lower wavenumber band 
presented in Fig. 5a indicates that the center C atoms (2nd and 3rd) in the Rf chain vibrate nearly along 
the y direction with  = 0 (Fig. 6a). Therefore, the lower band at 689 cm-1 is assignable to the symmetry 
species of Ag of D2h. On the other hand, the other band at 766 cm-1 corresponds to the vibrational motion 
presented in Fig. 6b, i.e., the C atoms at the both ends (1st and 4th) of the Rf chain vibrate in the x-y 
plane, which is assignable to B1g. As a result, the two s(CF2) bands for n = 3 have the same symmetry 
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The individually vibrating part has a motion assigned to the Raman-‘inactive’ B3u mode. When the 
entire molecule is taken into account, however, C atoms in the two squares vibrate in the opposite 
direction. Therefore, the vibration mode of the entire Rf chain is assigned to the Raman-active totally 
symmetric A1 mode of D15 along the chain direction. As a result, the higher wavenumber band is thus 
concluded to be induced by the planer structure. The two s(CF2) bands for n = 5 are readily explained 
in the same fashion. 
The A1 mode is ‘IR-inactive,’ which readily explains the single IR band in the s(CF2) region for n = 
7 as well as n = 3. As a result, the lower wavenumber bands for n = 3 ~ 7 are all explained by the A1 
mode in terms of the vibration of the carbon atoms in the radial-direction. The higher wavenumber band 
shift (indicated by the pink line in Fig. 5a) with increasing n corresponds to the increasing  of the split 
‘two’ bands in Raman spectra. 
The higher wavenumber shifts of the Raman (Ag) and IR (E1) s(CF2) bands are interesting, if the 
band positions are compared as plotted in Fig. 7 against the twisting rate. The Raman band positions are 
presented by the green circles (see the right axis). The change is gradual along the green dashed curve, 
which shows a good correlation between the Raman band and the twisting rate. This indicates that the 
correspondence of n =  to 100% is reasonable, and the Rf chain of n = 3 certainly has the planer 
structure. Since the helical structure generates a strain in the carbon skeleton, the higher peak shift can 
also be interpreted as an increased strain of the Rf chain as a result of an increased force constant of the 
Rf chain. 
19 
On the other hand, the s(CF2) band positions of IR spectra shown in Fig. 1 are plotted by the red 
cross (see the left axis) in Fig. 7 exhibits a similar trend to the Raman band except an apparent 
wavenumber jump between 33% (n = 5) and 47% (n = 7). The entire trend is similar to that of Raman, 
which can be explained by the representative vibrational components commonly involved in the Raman- 
and IR-active modes as summarized beside Fig. 2c and d. On the other hand, the IR-specific apparent 
jump is attributed to a fundamental difference between Raman and IR spectroscopies.  
The Raman bands are derived from the molecular polarizability change of the Rf chain; whereas the 
IR bands depend on a change of the transition dipole moment. Therefore, the IR band strongly reflects 
an atmosphere of a dipole. In our previous study, the aggregation property of MA-Rfn dependent on n 

























Fig. 7 The IR-(red, left axis) and Raman-active s(CF2) band positions (green, right 
axis) plotted against the twisting rate. 
20 
close molecular packing via the strong dipole-dipole interaction; whereas those having n = 5 or shorter 
exhibit a poor packing.2,3,30 Since the strong dipole-dipole interactions make the molecules tightly 
aggregated only for n = 7 or longer, the atmosphere about a C–F bond would largely change from n = 5 
to 7. In other words, the difference of the dipole’s atmosphere induces a discontinuous IR band shift 
between n = 5 and 7. In short, IR bands of an Rf compound are influenced not only the skeletal structure, 




To reveal the Rf-compound specific IR band shift of the s(CF2) dependent on the Rf chain 
length, n (number of CF2 units: n = 3, 5, 7 and 9), the skeletal vibration of the Rf chain has been 
investigated by using Raman spectroscopy. While the Raman-active s(CF2) band of n = 9 has a single 
band at ca. 730 cm-1 as well as PTFE, the band is split into two bands for n = 3 ~ 7, and the splitting 
becomes larger with decreasing n. To investigate the origin of the splitting, a ‘twisting rate’ of the Rf 
chain is introduced, which is a useful index for interpreting the conformational change with n. The band 
splitting width was found to have a good correlation with the twisting rate, and the variation of the 
width was readily attributed to the conformational change between D15 and D2h. The ‘lower’ 
wavenumber band of the split two bands in the spectrum of n = 3 ~ 7 corresponds to the s(CF2) band, 
which shows a similar higher wavenumber shift to the IR band. The s(CF2) band position also has a 
good correlation with the twisting rate, and the mechanism of the unusual shift has been concluded to be 
attributed to the ‘strain’ of the skeletal chain dependent on the chain length. A similar trend is found for 
the IR band position. Since the ‘higher’ wavenumber band found in the Raman spectra is inactive for IR 
spectroscopy, the reason why the IR band exhibits the unique higher wavenumber shift without a band 
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